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Influenza virus infection is known to shut off the expression of host genes. To study the mechanism, we examined the
effects of influenza A/Udorn/72 virus infection on the heat induction of a major heat shock protein, HSP70, in Madin–Darby
canine kidney cells. The induction of HSP70 protein synthesis was progressively suppressed with postinfection time when
heat shock was applied. Northern hybridization analysis revealed the appearance of longer, heterogeneous HSP70 tran-
scripts in the range of 2.7 to 30 kb with a concomitant decrease in the amount of the mature 2.7-kb mRNAs in the nucleus
of the infected cells. Such longer b-actin transcripts were also observed but with much less intensity. The longer HSP70
transcripts contained the downstream sequence of the polyadenylation site, as demonstrated by RNase protection with an
antisense RNA probe containing the sequence through the polyadenylation sites. This clearly proved that influenza virus
infection inhibits the polyadenylation-site cleavage of the pre-mRNAs by the host cleavage and polyadenylation machinery.
One temperature-sensitive mutant virus carrying a temperature-sensitive mutation on the NS1 gene failed to inhibit the
cleavage at the nonpermissive temperature, indicating that the NS1 protein is involved in the inhibition of the pre-mRNA
cleavage. This is the first report of the down-regulation of cellular mRNA maturation at the point of polyadenylation-site
cleavage by virus infection and identifies a new mechanism by which the influenza virus shuts off host gene expression.
© 1999 Academic Press
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aInfluenza is one of the major infectious diseases re-
aining to be controlled. The etiologic agent, influenza
irus, is a unique RNA virus whose genome is composed
f eight single-stranded RNA segments with negative
olarity and is transcribed and replicated in the nucleus
f infected cells (1), while most RNA viruses replicate in
he cytoplasm. Infection with influenza virus results in a
eneral decline in cellular protein synthesis, while there
s an activation of several host genes related to host
ntiviral defense such as interferon-a/b, MxA, TNF-a,
L-1b, and IL-6 (2, 3). Two different mechanisms have
een proposed to explain the shut-off of cellular protein
ynthesis during virus infection: degradation of preexist-
ng cellular mRNAs (4, 5) and establishment of a virus-
pecific translational system (6, 7). Neither of the models,
owever, explains how viral and cellular mRNAs can be
iscriminated, because viral mRNAs have structural fea-
ures similar to those of host mRNAs; the 59 end se-
uences (10 to 13 nucleotides) of influenza mRNAs are
natched from host mRNAs and their 39 ends have a
oly(A) tail. The goal of this study is to examine the
echanism(s) underlying the influenza virus-induced
hut-off of host gene expression. Here we focused on
1 To whom correspondence and reprint requests should be ad-
1ressed. E-mail: kazu@med.nihon-u.ac.jp.
213ne specific inducible protein, a major heat shock pro-
ein, HSP70, to examine how influenza virus infection
ffects heat induction of the HSP70 protein.
The HSP70 protein is efficiently induced in Madin-
arby canine kidney (MDCK) cells by heat shock, i.e.,
aising the temperature from 34 to 40°C for 2 h, and the
SP70 protein band could be explicitly detected by one-
imensional SDS–polyacrylamide gel electrophoresis
Fig. 1, compare lane 1 with lane 2). In the MDCK cells
nfected with influenza A/Udorn/72 virus, the induction of
SP70 protein synthesis was progressively suppressed
ith postinfection time when heat shock was applied. In
ddition, many bands other than the HSP70 protein that
ere present in the mock-infected sample almost disap-
eared in the later heat induction (compare lanes 5 and
with lane 7). The suppression of these protein synthe-
es correlated with the increase in the synthesis of the
iral proteins, thus demonstrating the shut-off of host
rotein synthesis.
We subsequently prepared RNAs separately from nu-
lear and cytoplasmic fractions at the same time points
s in Fig. 1 and examined the HSP70 transcripts by
orthern hybridization. The amount of mature HSP70
RNAs of about 2.7 kb in size was increased upon the
eat treatment of mock-infected cells, in both nucleus
nd cytoplasm (Fig. 2a, compare lanes 2 and 8 with lanes
and 7). In RNA samples prepared from the cytoplasm of
0042-6822/99 $30.00
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214 RAPID COMMUNICATIONnfected cells, the amount of mature 2.7-kb mRNAs de-
reased with heat shock time (lanes 9–12), agreeing with
he suppression of HSP70 protein synthesis after virus
nfection. With RNAs prepared from the nuclear fraction
e found an appearance of smears larger than the
.7-kb band during infection, concomitant with a de-
rease in the intensity of the mature 2.7-kb bands (Fig.
a, lanes 4, 5, and 6). The results indicated that the
ecrease in the mature 2.7-kb mRNAs in the cytoplasm
as due to neither the degradation of HSP70 mRNA nor
he inhibition of its nuclear export and also indicated that
he virus infection did not block the HSP70 transcription
er se, but did inhibit the normal maturation of the pre-
RNAs. The longer transcripts were heterogeneous in
ize, with the longest reaching approximately 30 kb. The
ajority of the longer transcripts did not seem to be
olyadenylated, since they did not bind to oligo(dT)-
onjugated beads (data not shown).
The blotted sheets used for the analysis of HSP70
ranscripts were also hybridized with a b-actin probe.
aint smears larger than the 2.2-kb bands of mature
-actin mRNAs were detected in the nuclear RNAs from
FIG. 1. Suppression of the induction of HSP70 expression in influenza
irus-infected cells. MDCK cells were infected with influenza
/Udorn/72 wild-type virus at 34°C. The cells were heat-shocked (2-h
uration at 40°C) at the indicated time postinfection (hpi) and pulse-
abeled with [35S]methionine for 30 min. The labeled proteins were
lectrophoresed on an 18% polyacrylamide gel containing 0.072%
isacrylamide, 0.1% SDS, and 3 M urea. The gel was fixed, dried, and
isualized by a Fuji BAS2000 image analyzer (Fuji Photo Film Co., LTD.).
, mock-infection without heat shock; m, mock-infection with heat
hock. The positions of viral proteins and HSP70 (confirmed by coelec-
rophoresis with the authentic protein immunoprecipitated by HSP70
pecific antiserum) are indicated.he infected cells (Fig. 2b, lanes 4, 5, and 6). In contrast (o HSP70 mRNAs, mature b-actin mRNAs preexisted
bundantly at the time of virus infection (Fig. 2b, lane 1)
nd the amount was not increased upon the heat treat-
ent of mock-infected cells (lane 2). Thus, the majority of
he transcripts detected in the infected cells represented
reexisting transcripts; i.e., the transcripts that were syn-
hesized after viral infection occupied a minor fraction.
he faint smears, therefore, seemed to represent a sig-
ificant portion of the newly synthesized transcripts and
ndicated that the virus infection inhibited the normal
aturation of b-actin pre-mRNAs as well as HSP70 pre-
RNAs.
Because the MDCK HSP70 gene, like other eukaryotic
SP70 genes, contains no intron sequence, such an
ncrease in the size of the transcripts should not be due
o an inhibition of the splicing. Transcription of most
ukaryotic protein genes terminates far downstream of
he site where the mRNAs are polyadenylated. The pri-
ary transcripts are cleaved and polyadenylated at the
ite by a large complex of multisubunit proteins (cleav-
ge and polyadenylation complex) (8, 9). It seemed pos-
ible, therefore, that the longer HSP70 transcripts in the
FIG. 2. Northern hybridization of HSP70 transcripts. The infected
ells were exposed to heat shock at the same time intervals as in Fig.
and fractionated into nucleus and cytoplasm. RNA from each fraction
as subjected to Northern blot analysis using a 32P-labeled antisense
robe of HSP70 mRNA (a) and b-actin mRNA (b). The ethidium bromide
taining (c) shows that the 45S and 32S ribosomal RNA precursors are
resent solely in the nuclear fraction and not in the cytoplasmic frac-
ion, indicating a successful fractionation of nucleus and cytoplasm
ithout appreciable RNA degradation. Lane M, 2-mg RNA size markersMillennium, Ambion, Inc.).
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215RAPID COMMUNICATIONucleus of infected cells were pre-mRNAs without the
ndonucleolytic cleavage at the polyadenylation site. We
ested this possibility by RNase protection assay using
n antisense probe that contains the sequence through
he cleavage and polyadenylation site. For this purpose,
e first amplified a DNA fragment that contained the
9-flanking region of the HSP70 gene of MDCK cells and
etermined its nucleotide sequence. The consensus se-
uence (AATAAA) of the polyadenylation signal (10) was
ound 346 nucleotides downstream of the stop codon,
nd the downstream consensus U-rich element (TTCTT)
11) was found 400 nucleotides downstream. In Fig. 3,
he sequence of the cDNA from the HSP70 mRNA was
ompared with that of the genomic DNA. The intensities
f the sequence bands of the cDNA were high until A363
for the nucleotide number, see the legend to Fig. 3),
bove which they abruptly became low except for those
f the A ladder. The low-density bands continued until
377, above which no bands other than As were ob-
FIG. 3. Determination of HSP70 mRNA poly(A) sites. The genomic
equence of the 39 flanking region of the MDCK HSP70 gene and the
9 terminal sequence of the mRNA were compared in a sequencing gel.
he nucleotide numbers are indicated on both sides; they start from the
next to the stop codon and continue downstream. The genome
equence and the mRNA sequence coincide until A363, from which
ajor mRNAs are polyadenylated. A subset of mRNAs contains the
enome sequence beyond A363 up to A377, where its polyadenylation
tarts.erved. These results indicate that polyadenylation starts at two sites: the first major site was at 12 bases (A363),
nd the second minor site was at 26 bases (A377),
ownstream of the polyadenylation signal (see Fig. 4a).
We then prepared an RNA probe complementary to the
ense strand from C419 to T230 through the two cleav-
ge and polyadenylation sites (for the numbering of the
ases of the sense strand, see the legend to Fig. 3; this
umbering is also employed for the bases of the anti-
ense strand; see Fig. 4a). This antisense probe had 196
ases including 6 extra bases. In RNase T1 protection
xperiments using the probe, the protected fragments of
39 and 149 nucleotides (nt) were expected for the
SP70 transcripts cleaved and polyadenylated at the
irst and the second sites, respectively (see the legend to
ig. 4a), while the fragment of 191 nt (full length) was
xpected for the uncleaved read-through transcripts.
oth the nuclear and the cytoplasmic RNAs from heat-
reated mock-infected cells yielded mainly the 139- and
49-nt cleaved fragments (Fig. 4b, lanes 3 and 9). The
uclear RNAs from infected cells showed a decrease in
he cleaved probe fragments and an increase in the
91-nt uncleaved probe fragments as the virus infection
roceeded (Fig. 4b, lanes 4–7). This result indicates that
nfluenza virus infection results in the inhibition of cleav-
ge at the two cleavage and polyadenylation sites. The
ytoplasmic RNAs from the same infected cells showed
decrease in both cleaved and uncleaved fragments,
ndicating that the nuclear uncleaved transcripts were
ot exported into the cytoplasm (lanes 12 and 13). Faint
mears larger than the 2.7-kb band of mature HSP70
RNA were detected in both the nuclear and the cyto-
lasmic RNAs from the mock-infected cells after heat
hock by Northern hybridization assay (Fig. 2, lanes 2
nd 8). These seemed to be polyadenylated as they were
ransported to the cytoplasm. A minor portion of the
SP70 transcripts (10–20%; deduced from the intensities
f signals) was considered to be cleaved and polyade-
ylated, not at the first and second polyadenylation sites
e identified, but at random sites downstream. All the
RNAs polyadenylated after G419 (see Fig. 4a) could
ield the protected fragments of 191 bases. Thus the
91-base bands appeared with the cytoplasmic RNAs
Fig. 4b, lanes 9–13). The bands decreased with the
nfection time, indicating that the cleavage and polyade-
ylation at the random sites are also inhibited by the
irus infection. The increased 191-base bands with the
uclear RNAs in virus-infected cells represented the un-
leaved transcripts that were not polyadenylated and,
herefore, not exported to the cytoplasm.
To identify which virus-encoded gene product is in-
olved in the above inhibition of pre-mRNA cleavage, we
ade use of various temperature-sensitive (ts) mutants
f A/Udorn/72 (H3N2) virus (12). The temperature of the
SP70 heat induction (40°C for 2 h) is the nonpermissive
emperature for the ts mutants. Their permissive temper-
ture is 34°C and the HSP70 protein was induced by a
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216 RAPID COMMUNICATION-h incubation at 34°C in the presence of 50 mM sodium
rsenite. One of the mutants, ICR452, which carries a ts
esion on the NS genome RNA segment shown by
omplementation assay (13), exhibited distinct tempera-
ure-sensitivity in the inhibition of HSP70 induction. The
nduction of HSP70 protein synthesis was severely sup-
FIG. 4. Inhibition of the cleavage at the polyadenylation sites of HSP7
ssay. The sites susceptible to RNase T1 digestion (the 39 phosphate g
re indicated by Gs with the position number. For the first (or second) s
hose positioned toward the 59 end of the probe providing the 139-base
hey are G421 and those positioned toward the 59 end providing the 19
or Fig. 2 were subjected to the assay. Lane 1, 0.1 fmol undigested probe
nd 149 bases) and uncleaved transcripts (191 bases) are indicated.ressed at 34°C but not at 40°C in ICR452-infected cells iFig. 5a, compare lanes 3 and 4 with lanes 1 and 2), while
t was suppressed at both 34 and 40°C in wild-type
irus-infected cells (lanes 5 and 6). Northern hybridiza-
ion analyses of HSP70 transcripts in nuclei revealed that
he majority of the transcripts were pre-mRNAs with
izes longer than the mature mRNA of 2.7 kb in ICR452-
RNAs by influenza virus infection. (a) Scheme of RNase T1 protection
of guanine nucleotides) in the region downstream of the poly(A) signal
vage and polyadenylation, the unprotected Gs are G369 (or G379) and
9-base) fragment, while for the uncleaved transcripts at the both sites,
fragment. (b) RNase T1 protection assay. The same RNA samples as
he positions of the fragments protected by the cleaved transcripts (1390 pre-m
roups
ite clea
(or 14
1-base
(pr). Tnfected cells at 34°C but the majority at 40°C were
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217RAPID COMMUNICATIONature mRNAs (Fig. 5b, lanes 3 and 4). The majority in
ild-type virus-infected cells were longer pre-mRNAs at
oth 34 and 40°C (lanes 5 and 6) and in mock-infected
ells mature mRNAs were found at both temperatures
lanes 1 and 2). The cleavage of HSP70 pre-mRNAs at
he polyadenylation sites was inhibited at 34°C in
CR452-infected cells but not at 40°C (Fig. 5c, compare
anes 3 and 4 with lanes 1 and 2), while it was inhibited
t both 34 and 40°C in wild-type virus-infected cells
lanes 5 and 6). To identify the mutation responsible for
he temperature-sensitivity, the nucleotide sequence of
he ICR452 NS genome segment was determined. Two
ase substitutions were observed, one of which, a C to U
ransition at base 62, causes no change in the amino
cid residue. The other, an A to G transition at base 316,
FIG. 5. Temperature-sensitive suppression of the induction of HSP70
xpression in ICR452-infected cells. MDCK cells were infected with
CR452 (one of the NS1 ts mutants of influenza A/Udorn/72 virus) or with
he wild-type virus (Udorn) or mock-infected (Mock) for 4 h at 34°C.
hen cells were treated for HSP70 induction at the permissive temper-
ture of 34°C for 2 h in the presence of 50 mM sodium arsenite or at the
onpermissive temperature of 40°C for 2 h. (a) Protein synthesis was
nalyzed as described in the legend to Fig. 1. (b) HSP70 transcripts in
he nuclear fractions were analyzed by Northern hybridization. (c) The
leavage of HSP70 pre-mRNAs at the polyadenylation sites was ana-
yzed by RNase T1 protection assay of HSP70 transcripts in the nuclear
ractions. The positions of the fragments protected by the cleaved
ranscripts (139 and 149 bases) and uncleaved transcripts (191 bases)
re indicated.auses an amino acid change of Glu to Gly at residue 96 pf the NS1 protein. This occurs between two previously
dentified functional domains of the NS1 protein (14): the
NA binding domain (amino acids 19–38) and the effec-
or domain (amino acids 134–161). These results indi-
ated that a function of the NS1 protein is required for the
nhibition of cleavage at the polyadenylation sites of the
re-mRNAs.
The results presented above proved that HSP70
RNA maturation was suppressed in the influenza virus-
nfected cells at the stage of endonucleolytic cleavage at
he polyadenylation sites catalyzed by the cellular cleav-
ge and polyadenylation complex. The NS1 protein of the
irus was shown to be involved in inhibiting the cleavage
eaction. It seems likely that the inhibition of mRNA
aturation is not restricted to the HSP70 pre-mRNAs, but
ccurs more generally with other pre-mRNAs. In evi-
ence of this, we observed that the maturation of the
re-mRNAs for b-actin was also inhibited in influenza
irus-infected cells (Fig. 2b). The uncleaved transcripts,
owever, occupied a minor fraction because the mature
RNAs for such house-keeping genes preexist abun-
antly at the time of virus infection. Thus the stability of
he mRNAs may be the major determinant in the shut-off
f the synthesis of preexisting proteins.
Since the viral mRNAs do not have the same consen-
us polyadenylation signal as animal cells (AAUAAA),
he cellular enzyme complex that functions in the cleav-
ge and polyadenylation of pre-mRNAs is not thought to
e involved in the polyadenylation of the viral mRNAs, for
hich a mechanism of reiterative copying of a U-stretch
y the viral transcription complex has been proposed
“slippage” or “stuttering” model) (15, 16). This differential
echanism may explain the selective inhibition of cellu-
ar mRNA maturation in the virus infection. It should be
oted, however, that at the late phase of infection when
he inhibition mechanism is established, synthesis of all
he viral mRNAs declines dramatically, whereas synthe-
is of the vRNAs reaches its maximum (17). The inhibi-
ion of the cleavage of pre-mRNAs at the polyadenylation
ite, therefore, seems to be kinetically coupled with the
ncrease in vRNA synthesis and the decrease of viral
RNA synthesis. It is possible that the host pre-mRNA
leavage and the viral vRNA synthesis compete for a
ommon resource in the virus-infected cells and the NS1
rotein plays a role in the competition. It was recently
hown that influenza virus NS1 protein interacts with the
ellular 30-kDa subunit of the cleavage and polyadenyl-
tion specificity factor (CPSF), which is an essential
omponent of the mammalian pre-mRNA 39 end process-
ng machinery, and binding of the NS1 protein to the
0-kDa protein inhibits 39 end cleavage and polyadenyl-
tion of pre-mRNAs that are transcribed from transfected
rtificial DNAs (18). This is in good agreement with our
esults obtained with natural cellular mRNAs.
The shut-off mechanism of mRNA maturation is ex-ected to work most efficiently at suppressing the cellu-
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218 RAPID COMMUNICATIONar genes that are induced during viral infection. Despite
his, some cellular genes are activated, exerting antiviral
unctions (3) after the virus infection. The dynamics of the
hut-off and the activation of cellular genes during virus
rowth may be crucial in determining the outcome of
nfection not only at the cellular level (from abortive to
roductive and cytolytic infection) but also at the clinical
evel (from asymptomatic to fatal infection), which is the
ubject of further studies.
Madin–Darby canine kidney cells were cultivated in
EM containing 10% fetal bovine serum at 34°C. The
onfluent monolayer cells were used in all experiments.
ells were infected at 34°C with influenza A/Udorn/
07/72 (H3N2) virus or ICR452, one of the ts mutants
erived from the Udorn wild-type virus (13), at multiplicity
f infection of 5 after 1 h of adsorption at room temper-
ture. To induce the HSP70 protein synthesis the in-
ected cells were either heat-shocked for 2 h at 40°C or
ncubated for 2 h in the presence of 50 mM sodium
rsenite (a potent chemical inducer of heat shock pro-
eins) at 34°C.
The MDCK cells on an 8-cm plate were scraped off,
ysed in 0.3 ml of 0.5% Nonidet-P40 in 50 mM Tris–HCl
pH 7.4), 100 mM KCl, 5 mM magnesium acetate at 0°C,
nd centrifuged at 5000 rpm for 5 min in a microcentri-
uge. The pellet was used as the nuclear fraction and the
upernatant as the cytoplasmic fraction. RNAs were dis-
ociated from proteins by the addition of guanidinium
hiocyanate solution (4 M guanidinium thiocyanate, 25
M sodium citrate (pH 7), 0.1 M 2-mercaptoethanol, 0.5%
-lauroylsarcosine) up to 0.9 ml and preferentially pre-
ipitated in 25% (v/v) ethanol as described (19). The RNA
ellets collected by centrifugation were dissolved in 50
l of TE buffer. DNA was, when necessary, recovered
rom the supernatant by precipitation in 50% ethanol. The
NA pellet was dissolved in 500 ml of TE buffer.
Two microliters of RNA was denatured in 50% form-
mide and 17.5% formalin, mixed with 0.5 mg ethidium
romide for prestaining at 60°C for 5 min, and electro-
horesed on a 1% agarose gel containing 3% formalin.
he ethidium bromide-staining profile was photographed
o monitor the quantity and intactness of ribosomal
NAs. Then the RNAs were blotted onto a nitrocellulose
ilter (Hybond-N, Amersham International plc) with 0.05
NaOH. The 32P-labeled antisense probe was prepared
y asymmetrical PCR amplification of a coding region of
he canine HSP70 gene (from nucleotides 220 to 2 to the
top codon) or b-actin (from nucleotides 673 to 829 of the
oding region). The blot was visualized with a Fuji
AS2000 image analyzer.
cDNAs of cytoplasmic mRNAs of heat-shocked, mock-
nfected MDCK cells were synthesized using a T-Primed
irst-Strand Kit (Pharmacia Biotech). A part of the coding
equence near the stop codon of canine HSP70 gene
as then amplified from the cDNAs by two rounds of
CR using nested primers that were designed to amplify a219-bp fragment based on the conserved sequences of
ukaryotic HSP70 genes (20). The sequence of PCR
roducts was determined using a Takara Taq Cycle Se-
uencing Kit (Takara Shuzo Co., Ltd.).
The EcoRI cassette library was constructed by ligation
f an EcoRI cassette (Takara Shuzo Co., Ltd.) to EcoRI-
igested genomic DNA of MDCK cells. Using the cas-
ette library as a template, a DNA fragment of 619 bp that
ontained the 39 flanking region of the HSP70 gene was
mplified by two rounds of PCR using nested primer sets
two sense primers, designated 3p and 5p, which were
erived from the sequence of the 39 coding region of the
SP70 gene; and two cassette primers C1 and C2 (an-
isense primers), whose sequences are contained in the
coRI cassette). The fragment contained the 578-bp se-
uence of the HSP70 gene, 159 bases from the 39end of
he HSP70 coding region continuing through the stop
odon (TAG) to 419 bases downstream (the sequence
as deposited with the DNA Data Bank of Japan, under
ccession No. AB013075).
A sense primer, 9p, was designed to amplify the se-
uence of bases 34–419 downstream from the stop
odon using the cassette primer C2 as an antisense
rimer. The 39 untranslated region of MDCK HSP70
RNA was amplified from its cDNAs by two rounds of
CR using seminested primer sets (two sense primers,
p and 9p, and one antisense primer, NotI–(dT)18). The
mplified fragments were sequenced by direct PCR se-
uencing using primer 11p, which has the sequence of
ases 230–249 from the stop codon, and the sequences
btained were compared with the genomic sequence of
he 39 flanking region.
The radioactive antisense probe that is complemen-
ary to the sequence from the position 230 to 419 bases
ownstream from the HSP70 stop codon (Fig. 4a) was
ynthesized by T7 polymerase in the presence of
a32P]UTP and the PCR-amplified fragment as the tem-
late, which was produced using 11p and C2 primers
nd contained the T7 promoter sequence in antisense
rimer C2. The RNA sample of 2.5 ml (equivalent to RNAs
n 5 3 105 cells) was hybridized to the probe (10 fmol)
nd subjected to RNase T1 digestion. One-half of the
inal material was loaded onto a 6% acrylamide gel
ontaining 7 M urea. Gels were dried and visualized with
Fuji BAS2000 image analyzer.
Viruses were grown and purified as previously de-
cribed (12). RNAs were extracted as described above.
DNAs of the virus genome RNAs were synthesized
sing a You-Primed First-Strand Kit (Pharmacia Biotech)
nd amplified by PCR using common primers that were
esigned to amplify all genome cDNAs based on the 39-
nd 59-terminal common sequences of all the genome
egments. The NS genome cDNAs were amplified by
econd-round PCR using the terminal common primers
nd NS-specific inner primers. The sequence of the PCR
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219RAPID COMMUNICATIONroducts was determined using a Takara Taq Cycle Se-
uencing Kit (Takara Shuzo Co., Ltd.).
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